Abstract: In thyroid surgery cuff-electrodes for stimulation of the vagal nerve are used in order to prevent recurrent laryngeal nerve damage. The aim of this study was to illustrate resulting forces at application of cuff-electrodes at the vagal nerve as well as to determine electrical characteristics with impedance spectroscopy and simulation of the electrical field of cuff-electrodes. The final goal is to assure save application of cuff-electrodes at the vagal nerve for continuous stimulation by describing the physical parameters with the suggested in vitro model.
Introduction
For continuous intraoperative neuromonitoring in thyroid surgery, surgeons often use cuff-electrodes for stimulation in order to notice physical stress to the nerve that is responsible for the voice (Recurrent laryngeal nerve) [1, 2] . The investigated cuff-electrodes consist of a biocompatible silicone shape and stainless steel electrode contacts in varied forms and compositions. Requirements of such electrodes are a stable electrical contact to the tissue while at the same time sudden tearing forces may not result in nerve stretching. This paper describes and compares different geometries and materials for such cuff-electrodes (see Fig. 1 ). A mechanical model was established, which simulates the vagal nerve within the operation field to determine acting forces. Additionally, stimulation electrodes were studied by an impedance spectroscopy and the electrical field distributions of the different electrodes were simulated. Experiences of the mechanical model and the electrical characterization for safe application of cuff electrodes in humans were transferred to the designs.
Methods

Mechanical properties
For mechanical characterization of the stimulation cuffelectrodes, we built up a measurement setup simulating the operation field of the vagal nerve. As an artificial nerve, silicone copper cables (3868-9017, Sab Bröckskes Gmbh & Co.Kg, Viersen and comparable cables) with different diameters (A) were hold between two Plexiglas columns by alligator clips (B). The spring scale (C) was attached to an aluminium cube (D) which is also bolted in the middle of the aluminium plate (E). The electrode (F) is fixed with a string to the attached spring scale (see Fig. 2 ). For measurement the electrode was applied to the artificial nerve and the electrode was raised by means of a microdrive (G) until the electrode slipped off. The measurement series were performed in a dry environment. For investigation of the mechanical properties of the electrode we determined the remove force of the electrode, measured the stretch length of the nerve (H) and the opening angle of the electrode (I). Additionally we analyzed the reproducibility. The aim of this measurement was to examine the application of varied electrode types and designs at different nerve diameters.
Electrochemical measurement
For electrochemical characterization we performed an impedance spectroscopy of different electrode types with an electrochemical interface (Solartron 1287, Farnborough Hampshire, UK) and a frequency response analyzer (Solartron 1260, Farnborough Hampshire, UK). We used a three-electrode configuration with a platinum electrode as counter electrode, a silver-silver chloride electrode as reference electrode and the cuff-electrodes as working electrodes. We measured electrodes in a ringer solution over a frequency range from 1 Hz until 10 6 Hz with an amplitude of 10 mV. Collected data were analysed in the software ZView (Farnborough Hampshire, UK). 
Field distribution simulation
Results
Based on the mechanical model we could measure the resulting forces, which appeared at the application of the different cuff-electrodes at the vagal nerve. The simplest cuff electrode, the C-electrode (inomed Medizintechnik GmbH, EW0023/EWPJ09-11), showed the lowest maximal remove force at every nerve diameter and its highest remove force is 325 mN at a nerve diameter of Ø 2.5 mm. While the more complex designs of the polyimide electrode [4] produced higher remove forces. The highest maximal median remove force were measured at the polyimide electrode with a broad silicone body and has the value 1040 mN at a nerve diameter of Ø 0.6 mm. The analysis of the parameter nerve diameter resulted in the fact that the maximal remove force was independent of the nerve diameter. The evaluation of the opening angle of different electrode types and the stretch length of the artificial nerve increased with larger nerve diameter, but at the thickest nerve the opening angle and the stretch length decreased again. The polyimide electrode with a narrow silicone form exhibited the maximal opened angle at 96° at a nerve diameter of Ø 2.5mm. The reproducibility of the Celectrode was lower in contrary to evident higher reproducibility of the designs of the polyimide electrode. For the electrochemical characterization the real (resistive) component of the impedance response and the imaginary (mainly capacitive) component of the impedance response were plotted for each frequency. The V3-electrode (inomed Medizintechnik GmbH, P/N 522 200, [3] ) with its ring contacts shows the lowest impedance modulus |Z| across all frequencies (100 Ω at 1 kHz) and the electrodes of the polyimide electrode with its spherical and cylindrical electrode form has the highest impedance modulus |Z| across all frequencies (2 kΩ at 1 kHz). While the spherical electrode contact of the C-electrode has an impedance modulus |Z| across all frequencies between the ring contact and the cylindrical electrodes (1 kΩ at 1 kHz). The simulation of the electrical field distribution is presented of a mono-, bi-and tripolar polyimide electrode. The simulation of the monopolar electrode could be characterized by an unselective electrical field. Until a bipolar electrode composition the electrical field showed a selective spatial resolution. The highest field strength and also the highest selective electrical field can be achieved with the tripolar polyimide electrode design. While the leak currents were very high at a monopolar electrode showed the tripolar not so much.
Discussion
In summary the mechanical characterization showed that the design of the polyimide electrode has a greater remove force independent of the nerve diameter, a larger stretch strength of the nerve and also an obvious higher reproducibility like the C-electrode. The C-electrode is the most flexible cuffelectrode and but does not have an as well-defined structure like the other electrodes. Moreover the broad polyimide electrode has the most rigid material properties. The remove forces could be reduced if the environment is wet like the operation field, because then the adhesion force is lower. Improvements of our mechanical model will be to assemble the columns on rails so that you could easy reconstruct the length of the free prepared vagal nerve. Within the electrical characterization the results of the impedance spectroscopy showed that the C-electrode and the designs of the polyimide electrode had higher impedance like the V3-electrode. Additionally, the simulations confirmed that the tripolar electrode had the most selective and highest electrical field and different electrode designs generate different field strength to stimulate the nerve. Earlier research demonstrated with a direct application of the electrode around the nerve the stimulation results will be the best [5] . Although the V3-electrode has lower impedance than the C-electrode and the polyimide electrode, the higher impedance of the C-electrode and the electrode designs of the polyimide electrode are negligible because finally the Celectrode and the polyimide electrode insure through their direct stimulation at the nerve better impedance and so a better stimulation. To sum up, the electrode geometry and design is crucial for the best stimulation results of the vagal nerve. Our mechanical model could even reduce animal experiments for testing electrodes and raise the quality standard of developing cuff-electrodes for the vagal nerve. With the usage of our mechanical model we could prove and measure the high safety of our electrode in human application with mechanical and electrochemical parameters. It could be useful to characterize the electrodes using the mechanical model in a wet environment and to modify the measurement setup with a pressure sensor [6] . In the next step we want to characterize the maximum stress limits of a nerve with the help of animal experiments in the pig to improve our mechanical model. Also we will take in hand further improvements and automations of our mechanical model to construct a realistic and useful tool for development of electrodes.
